The evaporation flux and the lifetime of nonventilated droplets of multicomponent liquids depend on their physicalchemical properties and the ambient parameters. This work proposes reliable estimation methods, which can be used for the prediction of key input parameters of quasiequilibrium evaporation models in the lack of correct experimental data. The importance of the selection of appropriate activity coefficient and diffusion/convection models is discussed. A special coupling of computational fluid dynamics (CFD) simulation and solvation mixture thermodynamics using COSMO-RS theory for liquid-vapor equilibrium and gas-phase transport characteristics of components of evaporating real liquid mixtures is highlighted.
INTRODUCTION
Liquid aerosols are involved in a broad range of natural phenomena and industrial or domestic applications, encompassing, e.g., cloud formation, fuel combustion, spray drying, spray coating, nasal drug delivery, room scenting or malodor counteracting, and perfume dispensing. These dispersed media consist of a multitude of droplets, which are in turn characterized by typical average size and size-dependent lifetimes. These two correlated parameters control the efficacy of aerosol as delivery systems for various active substances, such as carburant oils, drugs, odor-masking agents, or fragrances. Hence, for example, the optimal lifetime of a droplet may be short for processes requiring the immediate transfer of matter to the immediate environment or, in the contrary, long for processes requiring active transport over longer distances. In this context, the estimation of the lifetime of aerosol droplets is an important assessment criterion. On the other hand, fragrances are complex multicomponent systems, the evaporation of which is governed by odorant-odorant interactions. These interactions significantly impact the odorant partial pressures in the vicinity of the evaporating droplet, and large deviations with respect to ideality are expected during the entire droplet evaporation process. Moreover, if the odorants have largely different volatilities, then mass-transfer coupling effects may become crucial, as may be the case, for example, for hydroalcoholic solutions. An issue that is frequently encountered when dealing with very diverse volatile substances is the lack of many pure state physicochemical data, which are required by the evaporation models. One objective of the present paper is to propose a series of useful tools to estimate such data.
For evaporating liquid droplets larger than the mean free path in the gas (d p > λ), the decrease of the particle size by evaporation does not depend on the rate of random molecular evaporation but on the rate of diffusion of molecules from the droplet surface. The particle flux at the surface can be calculated by Fick's first law of diffusion, using the expression for the concentration gradient at the collision surface proposed by Fuchs (1964) and taking into account the self-cooling due to rapid evaporation of volatile liquids (Hinds, 1982) . Srivastava and Coen (1992 
partial pressure at the droplet surface (Pa) component i and air: 
reduced temperature (1) r relative (or reduced) T ∞ ambient temperature (temperature far v vaporization, evaporation away from the droplet, K) ∞ far from the droplet surface 1993) recommended other explicit equations for the calculation of evaporation flux of aerosols without ventilation. The vapor density or pressure at the drop surface was assumed to be equal to the corresponding saturation value at the drop temperature, and the droplet surface temperature to be equal to the ambient temperature for the whole evaporation process. Kulmala and Vesala (1991, 1993) also suggested an expression for mass flux in the continuum regime, which takes into account the temperature dependence of the binary diffusion coefficients more rigorously than the geometric mean. However, to calculate the rate of evaporation and lifetime for small droplets of volatile liquids, additional corrections (such as Kelvin effect and temperature correction) must be taken into account. The partial pressure of the vapor at the surface of a small droplet is greater than the saturation vapor pressure of the flat surface because of the surface tension at the curved liquid-gas surface and can be estimated by the Kelvin equation. The change of state between the liquid and the vapor phase requires energy called latent heat or heat of vaporization, which decreases the total internal energy and therefore the temperature of the droplets. Consequently, the temperature of the droplet surface is less than the temperature of the surrounding environment, and this difference can vary during the whole evaporation process. Hinds (1982) suggested a simple expression for the steady-state temperature depression by establishing a balance between the enthalpy required for evaporation and the heat gained by conduction from the warmer surrounding air. This temperature depression reduces the partial vapor pressure at the surface and therefore slows down the evaporation. Srivastava and Coen (1993) have also given a heat balance equation to calculate drop temperature and the mass flux without ventilation.
The evaporation of multicomponent droplets is controlled by unsteady heat-and mass-transfer processes. However, the process can be formulated with good accuracy using a quasistationary approach where the external transfer processes are described by the steady-state temperature and concentration profiles and where the internal transfer processes are infinitely rapid (well-mixed droplet assumption) (Vesala, 1993) .
During the evaporation of droplets of multicomponent mixtures, the coupling between species transfer complicates the solution of differential equations governing the quasistationary evolution of the droplet size, composition, and temperature (Kalkkinen et al., 1991) . The mass flux of a species also depends on the mole fraction gradients of other species, and the coupling generates diffusional interaction phenomena, which can be estimated by the Maxwell-Stefan approach to mass transfer (Vesala and Kulmala, 1993, 1995) .
The frequently applied uncoupled model neglects the coupling between mass-transfer rates: the mass flux of any species depends only on its own mole fraction gradient, i.e., the mass transfer of another species is ignored. The most rigorous uncoupled expressions have been derived by Kulmala and Vesala (Kulmala and Vesala, 1991; Kulmala et al., 2000) , and are given by Vesala and Kulmala (1993) . The temperature at the droplet surface has been derived from the droplet energy balance. The validity of the frequently applied uncoupled model was tested by quantitative comparisons (Vesala and Kulmala, 1993; Kulmala et al., 2000) , and it was shown that the accuracy of an uncoupled solution compared with the experimental data of evaporated droplets contained components with similar volatility is very good.
Most of the evaporation calculations assumed that the gas-phase composition over the liquid phase is determined by the liquid-vapor equilibrium (Starov and Sefiane, 2009; Brenn et al., 2007; Okamoto et al., 2010) . Librovich et al. (2007) has shown that evaporating systems quickly evolve to quasiequilibrium states. For the modelling of activity coefficients, the authors usually applied the semiempirical van Laar equation (Okamoto et al., 2010) or the Wilson equation (Marchese and Dryer, 1996) with adjustable system-specific parameters. A widely used method to estimate the nonideality of liquid mixtures is the UNIFAC (Fredenslund et al., 1975; group-contribution approach for activity coefficients (Zudkevitch et al., 1995; Hatzioannidis et al., 1998; Brenn et al., 2007; Teixeira et al., 2009 ). An alternative approach is to use solvation-thermodynamics methods to estimate liquid-phase nonideality. These models are based on computational quantum mechanics and are able to predict thermodynamic properties of the evaporating mixture without any vapor-liquid equilibrium experimental data. Three such models are the conductor like screening models for real solvents, COSMO-RS (Klamt et al., 2001 ) and the COSMO-RS (Grensemann and Gmehling, 2005; Mu et al., 2007) , and the conductor like screening model for segment activity coefficient, COSMO-SAC (Lin and Sandler, 2002) , which predicts activity coefficients from the molecular structure of the species only. COSMO is based on the theory of interacting molecular surfaces as computed by quantum chemical methods and combines an electrostatic theory of locally interacting molecular surface descriptors with a statistical thermodynamics methodology (Eckert and Klamt, 2002) . It calculates the molecular interactions from the screening (polarization) charge densities on the molecular surface ( Fig. 1) .
Recently Járvás and coworkers (2011) developed a new evaporation model for multicomponent real liquid mixtures based on activity coefficient calculation on a quantum chemical basis. The proposed method applies the COSMO-RS theory for the estimation of vapor-liquid equilibrium of nonideal solutions and the Maxwell-Stefan diffusion and convection theory for the calculation of gas-phase transport characteristics of the components with coupling. The good predictive ability of the resulting simulation model was tested on experimental evaporation data of two-and four-component mixtures.
Although this aspect is often underestimated in the literature, it must be stressed at this point that the quality of any evaporation model and its ability to predict the evaporation behavior or unknown systems, strongly depends on the quality of the input parameters, e.g., diffusion coefficients, liquid densities, partial pressures, surface tensions, and heats of evaporation. When experimental data over a wide temperature range for the important physical-chemical properties of the liquids are available, the model provides suitable prediction for evaporation fluxes and lifetimes of evaporating droplets. However, in the lack of experimental data, carefully predicted values for physical-chemical properties can be used as input parameters for the evaporation models. 
FIG. 1:
Visualization of COSMO screening charges on molecular surfaces of water and its sigma profile, i.e., the probability distribution of a molecular surface segment that has a specific charge density (Klamt et al., 2010) . This paper proposes, therefore, reliable estimation methods that can be applied for the prediction of fundamental input parameters of quasiequilibrium evaporation models in the lack of experimental data. The importance of selecting the most appropriate model for calculating the activity coefficients is discussed, because the key parameters of the evaporation model are both the vapor pressure and the activities of the evaporating species.
Finally, a special coupling of computational fluid dynamics (CFD) simulation and solvation mixture thermodynamics using COSMO-RS theory for liquid-vapor equilibrium and gas-phase transport characteristics of components of evaporating real liquid mixtures is highlighted.
CALCULATION OF THERMOPHYSICAL PROPERTIES OF COMPOUNDS
For the evaporation flux and lifetime calculation of mono-and multicomponent liquid droplets, the following thermophysical properties of compounds are needed: the temperature function of the saturated vapor pressure, the enthalpy of vaporization, the surface tension, and the temperature functions of the diffusion coefficient of the vapor in the gas phase.
Estimation of the Physicochemical Properties of Pure Compounds
The temperature function of the saturated vapor pressure of liquid (p * ) is usually given by an Antoine-type equation determined on the basis of experimental data (NIST/TRC Vapor Pressure Database) (Ohe, 1976; Boublik et al., 1984) :
If we do not know the Antoine constants or at least five measured vapor pressure data of the compound to determine them, we can calculate the vapor pressure of compounds by the method of Thek-Stiel (Reid and Sherwood, 1977) :
where P r = p * /P c is the reduced pressure, T r = T /T c is the reduced temperature, and A and h are parameters. The only one adjustable parameter in Eq. (2), α c , is found from a fitting procedure using the normal boiling point-normal vapor pressure (T b , 101, 325 Pa) or another, but only one experimental temperature-vapor pressure (T 0 , p * {T 0 }) data pair for the compound, instead of T and p * in T r and P r . The variation of molar enthalpy of vaporization with temperature can be estimated by the Watson equation (Reid et al., 1987) :
where the enthalpy of vaporization at the normal boiling point is taken as a reference value. If one does not know the molar heat of evaporation at the normal boiling point, it may be estimated using Chen's method (Reid et al., 1987) :
where T b is the normal boiling point of the compound.
In the lack of experimental data the surface tension of the compound in liquid state can be predicted by the Macleod-Sugden correlation (Reid et al., 1987) :
where P is the parachor, and ρ L and ρ G are the densities of compound in the liquid and vapor phase, respectively. At low pressures, the term involving the vapor density and composition may be neglected. The temperature-independent parameter, the parachor, might be estimated from the structure of the molecule (Reid et al., 1987) . The liquid density of the compound can be calculated from its molar volume:
The molar volume of the component V can be estimated at desired temperatures by the modified Rackett equation (Reid et al., 1987) :
where T c and P c are the critical temperature and pressure of compound, respectively.
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If one experimental molar volume V R is available in the literature for the compound at a reference temperature T R , the recommended form of the Rackett equation is
The Rackett constants of the components Z RA may be estimated by
The acentric factor of the compound can be obtained by
In the all-too-frequent situation in which no experimental value of the diffusion coefficient of vapor of the compound i in gas (D iG ) is at hand, its value can be predicted by the method of Wilke and Lee (Reid et al., 1987) :
where Ω D is the diffusion collision integral. For the estimation procedures listed above, knowledge of the critical data (T c , P c ) is necessary. In the lack of experimental data, the critical properties of the compound in question can be predicted from molecular structure by applying the method of Joback (Reid et al., 1987) . The steady-state temperature depression of the evaporating droplets (T ∞ -T d ) can be estimated as suggested by Hinds (Hinds, 1982) by balancing the enthalpy required for evaporation and the heat gained by conduction from the warmer surrounding air:
where ∆L v is the specific enthalpy of vaporization ("specific latent heat of vaporization") and k G is the thermal conductivity of the gas. Because of the dependence of partial vapor pressure on the surface temperature, Eq. (12) can be solved by iteration.
Prediction of Physical-Chemical Properties of Liquid Mixtures to be Evaporated
The physical properties of liquid mixtures to be evaporated can be estimated using semiempirical mixing rules or group contribution methods. The density of a multicomponent liquid mixture can be evaluated from the average molar mass (M m ) and the molar volume (V m ) of the mixture (Reid et al., 1987) :
where T ci , P ci , x i , and M i are the critical temperature, critical pressure, liquid-phase mole fraction, and molecular mass of component i, respectively, and T r is the reduced temperature of the mixture.
The surface tension of a liquid mixture can be estimated by the Macleod-Sugden correlation (Reid et al., 1987) :
where x i and y i are the mole fractions of component i in the liquid and vapor phase, ρ Lm and ρ Gm are the densities of liquid and vapor mixture, respectively. At low pressures, the term involving the vapor density and composition may be neglected. The partial pressure of the components of a nonideal liquid mixture can be predicted assuming ideal vapor-phase conditions using an activity coefficient model:
where x i is the mole fraction, γ i is the activity coefficient, and p * i (T ) is the saturated vapor pressure of component i in the liquid phase at temperature T , respectively. With the knowledge of the surface tension of the liquid mixture, the partial pressure of the components at the droplet surface can be estimated by the Kelvin equation:
Estimation of Activity Coefficients of the Components
The selection of an apropriate activity coefficient model is essential for the reliable evaporation prediction. Basically, the activity coefficients can be calculated by semiempirical model equations, the parameters of which have to be determined by fitting procedures using experimental vapor-liquid equilibrium data. Unfavorably, the activity coefficient models with adjustable interaction parameters (Wilson, UNIQUAC, NRTL) have little or no applicability to new compounds without a substantial experimental database and data analysis. The activity coefficient of the components can be estimated using the UNIFAC group-contribution method or by the COSMO-RS theory. Unfortunately, the UNI-FAC fragmentation method cannot be used for compounds with new functional groups whose group contributions are unavailable in the fragment databases (Hansen et al., 1991; DDBST, 2013) . In the lack of the UNIFAC parameters, the nonideal behavior of the components in the liquid phase can be taken into account by the COSMO-RS theory, which derives the residual contribution to the activity coefficient from shielding charge density misfit interactions between contacting surface segments of the molecules. Having the shielding charge density distribution (σ-profile) of the molecules, the activity coefficients can be estimated by the COSMOtherm software (Eckert and Klamt, 2009 ). The relevant molecular information for activity coefficient calculations can be computed by quantum chemical program packages (e.g., TURBOMOLE, GAUSSIAN) after a molecular geometry optimization of the compounds using high-quality quantum chemical ab initio electronic structure optimization on BP-TZVP level, or using the B3LYP DFT functional and the 6-311G(d,p) basis set. Cosmo files and sigma profiles can be found in COSMObase (7200 compounds 
CALCULATION EXAMPLES
The calculation examples demonstrate the combined use of the estimation methods presented in Sec. 2 for the prediction of evaporation of droplets of multicomponent liquid mixtures using CFD simulation by COMSOL Multiphysics and real solvents approaches by COSMOtherm. Ambient atmospheric pressure, ideal gas phase, perfectly mixed liquid phases, neglected radiation heat transport, and spherical droplet shape were assumed during the whole evaporation process. The nonideal behaviors of the liquid mixtures were taken into account by the COSMO-RS theory, and the activity coefficients of the components were estimated by the COSMOtherm software, version C21 0110, using BP TZVP C21 1010 parameterization. The input files for the COSMOtherm software, the COSMO files, were computed by the quantum chemical program packages TURBOMOLE 6.0 (Ahlrichs et al., 1989) . The molecular geometries of components of test mixtures were also optimized by TURBOMOLE using high-quality quantum chemical ab initio electronic structure optimization on both the BP-TZVP-COSMO and BP-TZVP-GAS level. The vapor pressures of pure components can be taken from databases (NIST/TRC). The evaporation flux calculation is based on the Maxwell-Stefan diffusion and convection theory for departure of the particles from the evaporation surface. The partial pressures of the evaporating components in the gas phase far away from the droplet surface were considered as zero. The suggested mass-transport model describes a process in which the vapors are evaporated from the surface of the droplet and are transported by coupled diffusion and convection to the circumambient air. Due to the mass loss caused by evaporation, the composition of the droplet, and therefore the activity coefficients of the components, will permanently change during the evaporation process. It was hypothesized that the molecular flux at the surface depends on the Maxwell-Stefan diffusion coefficients and the concentration gradients of molecules in the gas phase over the surface. However, for gases at normal conditions, the Maxwell-Stefan multicomponent diffusion coefficients can be replaced with Fick-analogous binary diffusion coefficients, which were estimated by Eq. (11). The governing equation that describes the Maxwell-Stefan mass transport was solved by CFD simulation using the commercial program package COMSOL Multiphysics 3.5a (COMSOL, 2008) .
Simulation results were compared with experimental data of evaporation of binary and multicomponent droplets. Measured evaporation data are taken from a presentation of Brenn (2003) and from a paper of Brenn et al. (2007) for strongly nonideal mixtures of methanol + water and methanol + ethanol + 1-butanol + n-heptane. Brenn's experiments were carried out using an acoustic levitator to investigate the evaporation behavior of single (individual) droplets of multicomponent liquids. The transducer constantly emitted sound waves at 56-kHz frequency, which produces a quasisteady pressure distribution in the resonator, with pressure nodes and antinodes. The quantity of the liquid mixture to be tested was taken into a microliter syringe and introduced into the standing wave, thereby levitating the droplet. The levitated droplets were backlighted by a white light source. Sharp images of the shadows of the droplets were obtained through a CCD camera. The whole levitator was placed in an acrylic glass box at a controlled temperature of about 302 K ± 2 K. The evaporation rates were characterized by the change of the normalized droplet surface (d/d 0 ) 2 , i.e., the squares of the ratio of evaporating droplet diameter (d) to the initial equivalent droplet diameters (d 0 , typically ca. 1.5-1.6 mm), which is in linear correlation with the gross evaporation rate.
The calculated changes in the normalized droplet surface were compared with the measured data of the mixtures of two-and four-component systems. Figure 2 shows the comparison of the calculated and experimental decrease of the normalized droplet surfaces as a function of the time of the water + methanol mixtures. The evaporation profiles agree well with the experimental profiles, and the total evaporation time, i.e., the lifetime of the droplet, was also perfectly estimated.
Beyond the simulation of the total evaporation time and normalized droplet surface changes, the model can also compute intermediate results, which are difficult to determinate experimentally, such as the evolution of liquid-phase composition, activity coefficients, and droplet temperature change during the evaporation. The calculation of these properties may help to understand the basics of the evaporation of multicomponent mixtures. Figure 3 shows the calculated change of mole fractions of components in the liquid phase during the evaporation of the two-component mixture containing initially 50-50% (v/v) water and methanol, which corresponds to a mole percent ratio of 70:30 water/methanol. The mole fraction of methanol decreases in parallel with the increasing water content. In the last evaporation range, after 100 s, the evaporation of water dominates. Figure 4 visualizes the temperature profile of the evaporating water + methanol droplet. At the beginning of the evaporation process, the temperature of the mixture decreases to 265 K due to the quick evaporation of the volatile methanol. After the first evaporation steep, the temperature permanently increases to the initial temperature of the droplet. Unfortunately, the calculated temperature profile cannot be compared to an experimental one because of the lack of published data. However, the shape of the temperature curve is analogous to the evolution of the evaporation rate with time, as was found during microdrop evaporation studies of mixtures of water and ethanol done by a rather uncommon experimental setup (Liu and Bonaccurso, 2010) . The analogy between the evaporation rate and temperature profile of the evaporate droplet can be explained by the well-known fact that the self-cooling due to rapid evaporation of volatile liquids depends on
FIG. 2:
Comparison of the calculated and experimental (Brenn, 2003) normalized droplet surface changes as a function of time during the evaporation of a two-component droplet containing initially 50-50% (v/v) of water and methanol (initial diameter of the droplet: 1.62 mm, initial temperature of the droplet: 283.15 K, air temperature: 302.65 K, relative humidity: 3%).
FIG. 3:
Calculated changes in the mole fractions of the components in the evaporating liquid droplet containing initially 50-50% (v/v) water and methanol. the evaporation rates. Using the expression given by Hinds (Hinds, 1982) , the evaporation rate with time graph for small droplets of volatile liquids can be translated in a temperature versus time curve. 
FIG. 5:
Comparison of the calculated and experimental (Brenn et al., 2007) normalized droplet surface changes as a function of time during the evaporation of a four-component droplet containing initially 20% methanol, 30% ethanol, 30% 1-butanol, and 20% n-heptane by volume (at ambient temperature, 302 K, and pressure, 1 bar).
oration profile agrees well with the experimental profile. The good agreement between the estimated and measured surface decay proves that the conditions of the droplet vaporization are close to the quasisteady state in the absence of airflow. The evaporation model correctly predicted the presence of various slopes in the normalized surface vs time curve, which adequately indicates the effects of the activity of various components with different vapor pressures on the vaporization profile. The lifetime, i.e., the total evaporation time of the droplet, was also perfectly estimated, which demonstrates that the proposed methods are able to model the evaporation of droplets of strongly nonideal multicomponent mixtures. Figure 6 presents the calculated change of mole fractions of components in the liquid phase during the evaporation of the four-component mixture. The various mole fraction ranges, which can be identified in the figure, mark the points at which the components having different volatilities disappear from the liquid. The first evaporation period keeps until 20 s, while the concentrations of most volatile compounds (methanol and n-heptane) decrease quickly in the liquid phase. In the second vaporization phase, between 20 and 60 s, the mole fraction of ethanol decreases in parallel with the increasing n-butanol content. In the last evaporation range, after 60 s, the evaporation of n-butanol dominates. The point where the three most volatile substances have disappeared from the system coincides with the inflexion point of Fig. 5 .
These three different evaporation phases can also be observed in Fig. 7 , which gives information on the temperature profile of the droplet during the evaporation of the four-component mixture of methanol, ethanol, 1-butanol, and nheptane. At the beginning of the evaporation process, the temperature of the mixture rapidly decreases to 270 K due to the quick evaporation of the volatile compounds. The first evaporation steep is followed by an increasing temperature profile during the evaporation of the ethanol. The temperature in the last evaporation section gradually raises because of the slower evaporation of the less-volatile n-butanol and approaches the surrounding temperature.
CONCLUSIONS
The appropriate agreements between the estimated and measured surface decays prove that the conditions of the droplet vaporization are close to the quasisteady state in the absence of airflow. The correct prediction of the various evaporation slopes and lifetimes of droplets of strongly real mixtures demonstrates that the nonideal behavior of the multicomponent liquids can be well estimated by the COSMO-RS theory. Taking into account the coupled evaporation by Maxwell-Stefan diffusion and convection theory for the calculation of gas-phase transport and the temperature depression corrections for the evaporating droplets, realistic temperature-and liquid-phase composition profiles can be estimated by CFD simulation of the evaporation process.
FIG. 6:
Calculated changes in the mole fractions of the components in the evaporating liquid droplet containing initially 20% methanol, 30% ethanol, 30% 1-butanol, and 20% n-heptane by volume (at ambient temperature, 302 K, and pressure, 1 bar).
FIG. 7:
Estimated change of the temperature of an evaporating droplet that contains initially 20% methanol, 30% ethanol, 30% 1-butanol, and 20% n-heptane by volume (at ambient temperature, 302 K, and pressure, 1 bar).
